ABSTRACT Drosophila suzukii Matsumura (Diptera: Drosophilidae), commonly referred to as the spotted wing drosophila, is an exotic species that has proven a troublesome pest of fruit production in the United States. The ßy targets small fruit and thus represents a concern for the U.S. cranberry industry. Two studies were conducted to assess whether cranberries may serve as hosts for D. suzukii. In the Þrst study, the suitability of ripe, unripe, and over-ripe cranberries were assayed by examining adult oviposition and larval development in no-choice trials. In the second study, wounded and unwounded fruit were examined as potential hosts in choice and no-choice trials. Our Þrst study showed that ripe, unripe, and over-ripe cranberries were unsuitable hosts (few eggs were laid, with no surviving puparia). In the wounded and unwounded berry study, no larvae survived to adulthood among unwounded berries. Within wounded fruit, D. suzukii readily fed and developed into adults. Together, these results suggest that unwounded cranberriesÑwhether ripe, unripe, or over-ripeÑare unsuitable as hosts for D. suzukii. Wounded rotting cranberries, however, can serve as hosts. Across the landscape, cranberry marshes with rotting fruit may contribute to D. suzukii source-sink dynamics.
Drosophila suzukii Matsumura (Diptera: Drosophilidae), commonly referred to as the spotted wing drosophila, is an exotic ßy species that has recently become established in the United States (Hauser 2011 , Lee et al. 2011a . After its discovery in California in 2008, D. suzukii was detected in 35 States just 4 yr later (Burrack et al. 2012) . D. suzukii has now been found in all major fruit-growing regions of the country, and control has been problematic (Beers et al. 2011 , Lee et al. 2011b , Walsh et al. 2011 . The adult female ßy is notable for a heavily sclerotized saw-like ovipositor that allows her to penetrate unripe fruit (Hauser 2011) , effectively increasing temporal access to host plants.
Given the propensity of D. suzukii to attack small fruit (Lee et al. 2011a ), the U.S. cranberry industry has been concerned about the threat posed by D. suzukii. Cranberries, Vaccinium macrocarpon (Aiton), are grown almost exclusively in North America (Eck 1990) . Production is concentrated in three growing regions: the upper Midwest (Wisconsin), the Northeast (Massachusetts and New Jersey), and the PaciÞc Northwest (Washington and Oregon). Unfortunately, D. suzukii is well-established in all three of these regions (Burrack et al. 2012) .
To address whether cranberries may serve as hosts for D. suzukii, two separate studies were conducted to assay the effects of berry ripeness and berry injury on the suitability of cranberries for D. suzukii oviposition, growth, and development. Together, these studies help characterize the threat faced by the cranberry industry, while informing assessments of how cranberries may contribute to regional D. suzukii population dynamics.
Methods and Materials
Berry Ripeness Assays. No-choice trials were conducted to assess D. suzukii oviposition tendency and larval development in cranberries varying in ripeness. Under-ripe (fully sized but green) and ripe cranberries were collected respectively in August and September of 2011, from a Wisconsin marsh (cranberry cultivar: ÔStevensÕ). Over-ripe cranberries (Stevens) were obtained from frozen storage (2010 harvest) at the Ocean Spray Cranberries, Inc., facility in Babcock, WI. All fruit were thoroughly washed and then mailed to the U.S. Department of AgricultureÐAgricultural Research Service (USDAÐARS) Horticultural Crops Research Unit in Corvallis, OR, where D. suzukii was kept in culture.
For each no-choice trial, the experimental unit was a mesocosm containing 10 cranberries, Þve 2-wk-old D. suzukii females, and four males. There were 10 replicates of this setup for each ripeness stage, with 10 positive controls (to conÞrm reproductive viability of females). In the positive control, the same number of ßies was present, but the ßies were provisioned with a standard rearing diet within three 1 oz. plastic cups (45 g agar, 125 g cornmeal, 200 g sugar, 70 g nutritional yeast, 4.7 liters dH 2 O, 17.7 ml propionic acid, 3.3 g methyl paraben, 33.3 ml 95% EtOH, and dry yeast sprinkles). The cranberries and diet were exposed to the ßies for 24 h under the following conditions: 22ЊC, a photoperiod of 16:8 (L:D) h, and 70% relative humidity (RH) within 22.9-by 22.9-by 25.4-cm clear plastic cages and provided a 20% sucrose solution and water wicks, as described in Lee et al. (2011a) . After 24 h, berries and diet cups were removed, and eggs were counted. Eggs were then reared for 2 wk to determine the number of puparia and adult D. suzukii (Lee et al. 2011a ).
In the Þrst trial, under-ripe and over-ripe cranberries were assayed. Ripe cranberries were not yet available (given the typical early fall harvests in Wisconsin) during the Þrst trial and were tested in the second trial. In the third trial, under-ripe, ripe, and over-ripe cranberries were assayed altogether. Data were analyzed by trial because each trial had a unique treatment structure. MannÐWhitney rank sum tests and KruskalÐ Wallis one-way analysis of variance (ANOVA) on ranks tests were used to assess the effects of berry ripeness. Pair-wise multiple comparisons were used to discern signiÞcance between treatments.
Berry Wounding Assays. No-choice and choice assays were conducted to determine the effect of wounding on the suitability of ripe cranberries for D. suzukii oviposition and larval development. In the no-choice study, gravid females were presented with either a wounded or unwounded berry (unwounded berries without ßies served as the control). In the choice study, gravid females were presented with both a wounded and unwounded cranberry, while a negative control (wounded and unwounded berries, without ßies) was maintained concurrently. Two trials each of the no-choice and choice assays were conducted (see Tables 1 and 2 ). There were Þve replicates in the Þrst trial of each study, and 12 replicates in the second. Each replicate was represented by a microcosm (1 oz. plastic diet cup) provisioned with one wounded and one unwounded ripe cranberry, plus a cotton ball moistened with sugar-water. To create the wounded berries, a random sample of the washed berries was inßicted with a 5-mm deep wound. In the Þrst trial, Þve gravid females were placed in each microcosm. The microcosms were covered and stored in a growth chamber at 25ЊC, 45Ð 66% RH, and a photoperiod of 16:8 (L:D) h. In the second trial, this procedure was repeated, but just one gravid female was placed into each microcosm. Cups were checked daily for mold and eggs, larvae, puparia, and adults. Experiments lasted until all females died (10 Ð32 d). Berries were dissected to determine presence of D. suzukii eggs, puparia, or adults. MannÐWhitney rank sum tests or KruskallÐWallis ANOVA on ranks were used to assess effects of berry wounding.
Results
Berry Ripeness Assays. In the Þrst trial, zero D. suzukii eggs were laid in the under-ripe cranberries, while 0.20 Ϯ 0.13 (mean Ϯ SE) eggs per replicate were found in the over-ripe berries; 6.9 Ϯ 1.21 eggs per replicate were found within the standard diet (Fig.  1A) . There was no signiÞcant difference between the under-ripe and over-ripe berries (DunnÕs pairwise comparisons: P Ͼ 0.05); both berry treatments produced signiÞcantly fewer eggs than the standard diet (KruskallÐWallis: H ϭ 25.02; df ϭ 2; P Ͻ 0.001). No puparia were found in either the under-or over-ripe fruit (Fig. 1A) ; concurrently, 5.9 Ϯ 1.50 puparia were found in the standard diet, a highly signiÞcant difference (KruskallÐWallis: H ϭ 23.86; df ϭ 2; P Ͻ 0.001). No adults emerged from the berry treatments. Within a given trial, means followed by the same letter are not signiÞcantly different (P Ͼ 0.05). Within a given trial, means followed by the same letter are not signiÞcantly different (P Ͼ 0.05).
In the second trial, zero eggs were laid in the ripe fruit, while 21.6 Ϯ 2.33 eggs were laid in the standard diet (Fig. 1B) , a highly signiÞcant difference (KruskallÐ Wallis: H ϭ 16.30; df ϭ 1; P Ͻ 0.001). Zero puparia were found in the ripe fruit, and 13.3 Ϯ 2.12 were found in the standard diet, again a highly signiÞcant difference (KruskallÐWallis: H ϭ 16.32; df ϭ 1; P Ͻ 0.001). No adults emerged from the fruit (Fig. 1B) , which was signiÞcantly fewer than the number of adults (11.4 Ϯ 2.38) that emerged from the standard diet (KruskallÐWallis: H ϭ 16.32; df ϭ 1; P Ͻ 0.001).
In the third trial, the number of eggs per replicate in under-ripe, ripe, and over-ripe berries were, respectively, 1.7 Ϯ 0.51, 2.5 Ϯ 0.92, and 3.8 Ϯ 0.93; the control diet had 18.43 Ϯ 2.74 eggs (Fig. 1C) . There was no signiÞcant difference among the three berry ripeness treatments (DunnÕs pairwise comparisons: P Ͼ 0.05), and each of the ripeness treatments was different from the control diet (KruskallÐWallis: H ϭ 15.93; df ϭ 3; P ϭ 0.001). No puparia or adults were found in the berry ripeness treatments, while 9.85 Ϯ 4.08 puparia and 9.85 Ϯ 3.81 adults were found in the control diet (Fig. 1C) , a highly signiÞcant difference for both puparia (KruskallÐWallis: H ϭ 29.57; df ϭ 3; P Ͻ 0.001) and adults (KruskallÐWallis: H ϭ 35.51; df ϭ 3; P Ͻ 0.001).
Berry Wounding Assays. In the no-choice assay, there was a signiÞcant difference between trials (MannÐWhitney: T ϭ 498.0; P Ͻ 0.001), so berry wounding effects were assessed within each trial. In Trial 1, signiÞcantly more eggs were found in the wounded berries, 6.6 Ϯ 3.43 eggs per berry, than in unwounded berries, 0.20 Ϯ 0.20 eggs per berry (KruskallÐWallis: H ϭ 12.12; df ϭ 2; P ϭ 0.002). No adults emerged from either the wounded or unwounded berries (Table 1) . In Trial 2, no eggs were found in either the wounded or unwounded berries (Table 1) ; similarly, no eggs were found in the control (KruskallÐWallis: H ϭ 0.0; df ϭ 2; P ϭ 1.0). No adults emerged from the wounded berries, unwounded berries, or the control (Table 1) .
In the choice assay, there was a signiÞcant difference between trials (MannÐWhitney: T ϭ 498.0; P Ͻ 0.001), so berry wounding effects were assessed within each trial. In Trial 1, signiÞcantly more eggs were found on wounded berries exposed to ßies (4.0 Ϯ 1.7 eggs per berry) than wounded berries in the control (0.0 Ϯ 0.0 eggs per berry; Table 2 ; MannÐWhitney: T ϭ 37.5; P ϭ 0.032). Conversely, there was no signiÞcant difference in the egg densities of unwounded berries between the ßy treatment and the control (MannÐ Whitney: T ϭ 35.0; P ϭ 0.151). In total, four adults emerged in this trial (0.80 Ϯ 0.37 adults per berry) and only from the wounded fruit; mean number of adults per berry was not signiÞcantly different from controls (MannÐWhitney: T ϭ 35.0; P ϭ 0.151). No adults emerged from the unwounded berries in Trial 1 (Table 2). In Trial 2, no eggs were found in any treatment; adults were found in the wounded berries (0.17 Ϯ 0.11 adults per berry), although the median number of adults was not signiÞcantly different from controls (MannÐWhitney: T ϭ 162; P ϭ 0.166). No adults emerged from the unwounded berries in Trial 2 (Table 2).
Discussion
Our evidence strongly suggests that fresh unwounded cranberries are unsuitable as hosts for D. suzukii. In our berry ripeness assays, gravid females rarely oviposited, while corresponding females in the control treatments deposited Ͼ20 eggs per replicate. There was no effect of berry ripeness on the tendency of females to oviposit on fruit or on the suitability of the fruit for ßy development. Indeed, no adults emerged from any of these fruit. It is unclear whether the female ßies simply cannot oviposit within the cranberry, or whether the fruit is not perceived to be a satisfactory host substrate. The female ßy is known to oviposit in hard unripe fruit (Hauser 2011 , Lee et al. 2011a ); thus, it seems unlikely that the cranberry epicarp was impenetrable to the D. suzukii females in our study.
When cranberries were physically damaged before exposure to D. suzukii females, the berries were more attractive to the ßies, as evidenced by much higher egg counts. In addition, adult D. suzukii were successfully reared from the wounded berries; thus, we provide the Þrst evidence that D. suzukii can complete its development entirely within cranberries. The critical element of this Þnding is that the ßies only could develop within wounded decaying fruit. Unwounded fruit produced no adults in any of our assays and rarely had eggs inserted, even in no-choice assays. Fortunately for growers, decaying berries tend to wilt rapidly in the Þeld, effectively excluding such fruit from much of the harvest.
The implications for landscape-scale D. suzukii source-sink dynamics are substantial, particularly in regions where cranberry marshes are common. Each fall, many fruit are left unharvested, and these berries decay during the winter and spring months. Such fruit could serve to bolster D. suzukii populations that arrive in early summer. Although these populations might not have any deleterious effect on the currentyear cranberry crop, D. suzukii individuals could disperse to neighboring crops to initiate infestations. There is evidence that resident drosophilids within cranberry marshes (e.g., Scaptomyza spp.) already exploit previous-year fruit (S.A.S., unpublished data), suggesting that decaying berries may represent a substantial resource for detritivorous species like D. suzukii.
